To compare the gene expression profile of trabecular meshwork (TM) and Schlemm's canal (SC) primary cultures and to identify promoters for targeting gene expression to specific cells in the outflow pathway. METHODS. The differential gene expression profile of four human TM and three SC primary cultures was analyzed by gene microarrays (Affymetrix, Santa Clara, CA) and confirmed by quantitative real-time PCR. Based on the results, a recombinant adenovirus was constructed with the expression of the reporter gene LacZ driven by the 5Ј promoter region of the chitinase 3-like 1 (Ch3L1) gene (AdCh3L1-LacZ). The expression of the Ch3L1 promoter was analyzed in human TM and SC cells and in human perfused anterior segments infected with AdCh3L1-LacZ. RESULTS. ␥-Sarcoglycan, fibulin-2, and collagen XV were identified as the genes more highly expressed in SC than in TM cells. Ch3L1 showed the highest levels of differential expression in TM versus SC cells. Expression analysis of the Ch3L1 promoter demonstrated specific expression in a subset of the TM cells in cell culture and in perfused anterior segments. CONCLUSIONS. Comparative analysis of gene expression between SC and TM primary cultures identified several genes with promoters potentially capable of targeting gene expression to specific cells within the outflow pathway. Results with the Ch3L1 promoter indicated that two different cell subtypes may be present in the TM. This study provides a new potential tool to investigate the role of these different cell types in both normal and pathophysiological function of the outflow pathway, with implications for possible future glaucoma gene therapy. (Invest Ophthalmol Vis Sci. 2005;46:183-190)
G laucoma is a group of blinding disorders characterized by damage to the optic nerve. The most common form of the disease, primary open-angle glaucoma (POAG), is frequently associated with elevated intraocular pressure (IOP) that results from an abnormal resistance to the outflow of aqueous humor through the conventional outflow pathway. 1, 2 The conventional outflow pathway is the route by which most aqueous humor exits the anterior chamber of the eye, and it includes the trabecular meshwork (TM) and Schlemm's canal (SC). 3 The outflow pathway is a complex tissue composed of several different cell types that are morphologically and functionally different: (1) Schwalbe's line (SL) cells are located in the anterior, nonfiltering portion of the TM and have been proposed to be the progenitor cells of the TM; (2) TM cells cover the surface of the connective tissue beams in both the uveal and corneoscleral filtering meshwork and appear to be involved in phagocytosis and tissue remodeling; (3) juxtacanalicular tissue (JCT) cells are randomly distributed within the extracellular matrix of the juxtacanalicular meshwork; and (4) the cells of the inner wall endothelium of SC constitute the only continuous cell layer in the outflow pathway. 4, 5 The specific functional differences of these cells and their role in the physiology of the aqueous humor process are not clear. Although the locus of both normal outflow resistance and the abnormal resistance in POAG is believed to be at the level of the JCT and/or the inner wall of SC, 6 -8 there is uncertainty as to the exact location. Although one school of thought postulates that the extracellular material within the JCT is responsible for normal resistance, the other school of thought emphasizes the role of the cells of the inner wall of SC as the major locus of the outflow resistance. 7,9 -13 A potential strategy for understanding these questions, which also has therapeutic implications, is directed gene delivery to specific cell types within the outflow pathway. We have recently demonstrated the feasibility of targeting gene expression to the outflow pathway with replication-deficient adenoviruses containing tissue-specific promoters that were identified from gene expression profile analyses of the TM. 14 Analyses of the published TM libraries have provided important information about the genes preferentially expressed in the outflow pathway compared with other tissues 18 -20 ; however, the specimens used in these analyses also include cells from the inner wall of SC. Therefore, the identification of genes differentially expressed in the TM and SC is the next logical step in planning further experiments targeting specific cell types.
One experimental approach for the identification of such differential markers is the comparison of gene expression profiles. However, because of the small size and complexity of the outflow pathway, it is impractical to dissect only the SC endothelia, making the construction of a direct SC cDNA library almost impossible. As an alternative approach, we present a comparative gene expression profile analyses between human primary cultured TM and SC cells. We identified genes with promoters potentially capable of targeting gene expression in specific cells in the outflow pathway. The expression of one of these promoters was tested in both TM cells and SC cells, and also in human perfused anterior segments.
MATERIALS AND METHODS

Cell Cultures
Primary cultures of human TM and SC cells were prepared from donor eyes as previously described 15, 16 and maintained at 37°C in 5% CO 2 in low-glucose Dulbecco's modified Eagle's medium (DMEM) with Lglutamine and 110 mg/L sodium pyruvate, supplemented with 10% fetal bovine serum (FBS), 100 M nonessential amino acids, 100 U/mL penicillin, 100 g/mL streptomycin sulfate, and 0.25 g/mL amphotericin B. All the reagents were obtained from Invitrogen Corp. (Carlsbad, CA). The protocols involving the use of human tissue were consistent with the tenets of the Declaration of Helsinki.
RNA Extraction
Human TM and SC primary cultures at passage three were grown to confluence. After the culture medium was removed, cells were immediately immersed in preservative (RNA later; Ambion Inc., Austin, TX) to maintain the integrity of the RNA. Total RNA was then isolated (RNeasy kit; Qiagen Inc., Valencia, CA), according to the manufacturer's protocol and treated with DNase. RNA yields were determined with a fluorescent dye (RiboGreen; Molecular Probes, Inc., Eugene, OR).
Gene Microarray Analysis
Total RNA (10 g) from four different human TM cultures and three different SC cultures was hybridized independently to U95Av2 human arrays (Affymetrix, Santa Clara, CA) at the Duke University Microarray Facility, according to the manufacturer's protocol.
The signal values for each specific gene were normalized using the mean signal value from all probe sets in the array. The difference in expression (x-fold) between human TM (HTM) and SC cells for each gene were calculated by comparing the mean normalized signal values of the gene from the four arrays hybridized with HTM cell probes and those from the three arrays hybridized with SC cell probes.
Quantitative Real-Time PCR
First-strand cDNA was synthesized from total RNA (1 g) by reverse transcription using oligodT primer and reverse transcriptase (Superscript II; Invitrogen) according to the manufacturer's instructions. Real-time PCR reactions were performed in a 20-L mixture containing 1 L of the cDNA preparation, 1ϫ PCR mix (iQ SYBR Green Supermix; Bio-Rad, Hercules, CA), and 500 nm of each primer, in a thermocycler (iCycler iQ system; Bio-Rad) using the following PCR parameters: 95°C for 5 minutes followed by 50 cycles at 95°C for 15 seconds, 65°C for 15 seconds, and 72°C for 15 seconds. The fluorescence threshold (C t ) was calculated with the system software. The absence of nonspecific products was confirmed by both the analysis of the melting-point agarose curves and by electrophoresis in 3% gels. ␤-Actin served as an internal standard of mRNA expression. The sequences of the primers used for the amplifications are shown in Table 1 .
Generation of the Recombinant Adenovirus
For the generation of the replication-deficient recombinant adenovirus AdCh3L1-LacZ, a 1059-bp DNA fragment containing the 5Ј region of the Ch3L1 gene was amplified by PCR from 100 ng of human genomic DNA (BD-Clontech, Palo Alto, CA) using the specific primers: Chi3L1-forward 5Ј-CTCGAGTTAAGCCTGCAAAGAATGGAGT-3Ј, and Chi3L1-reverse 5Ј-CAAGCTTGCCCACGGCTCCTGGTGCCAGCT-3Ј, which contain the restriction sites for XhoI and HindIII, respectively. The PCR reaction was performed at 94°C for 15 seconds followed by 35 cycles of 68°C for 15 seconds and 72°C for 60 seconds (Advantage-HF PCR kit; BD-Clontech). The PCR product was purified and cloned into TOPO TA (Invitrogen) for sequencing. The product with the correct sequence was released by digestion with XhoI and HindIII (New England BioLabs, Beverly, MA) and introduced into a modified pShuttle (Stratagene, La Jolla, CA) containing the LacZ gene and the SV40 polyadenylation signal (pShuttle-LacZ). This pShuttle-LacZ with the Ch3L1 promoter was used to generate the replication-deficient recombinant adenovirus (AdCh3L1-LacZ) using a commercial system (AdEasy; Stratagene). The generation of the AdMGP-LacZ containing a matrix Gla protein (MGP) promoter fragment (550 to ϩ27) has been described. 14 
Analysis of Ch3L1 Promoter Expression in Primary Cultures of HTM and SC Cells
Confluent cultures of human TM or SC cells at passage three were infected with 100 pfu/cell of either the AdCh3L1-LacZ or the AdMGPLacZ recombinant adenovirus. Two days after infection, ␤-galactosidase expression was analyzed.
Analysis of ␤-Galactosidase Activity
Cells were fixed in 1% paraformaldehyde, 0.2% glutaraldehyde, 0.02% NP40, and 0.01% sodium deoxycholate in PBS. After two washes with PBS, ␤-galactosidase activity was detected by overnight incubation at 37°C in 1 mg/mL 5-bromo-4-chloro-3 ␤-D-galactoside, 5 mM K 3 Fe(CN), 5 mM K 4 Fe(CN)6-3H 2 O, and 2 mM Mg 2 Cl in PBS. For the detection of ␤-galactosidase in organ cultures, anterior segments were fixed by perfusion at 15 mm Hg, removed from the perfusion system, and stained overnight in the staining solution. After color development, the segments were postfixed in 10% neutral buffered formalin, dehydrated in an ethanol and xylene series, and embedded in paraffin. Sections (5-6 m) were then counterstained (Hematoxylin QS; Vector Laboratories, Burlingame, CA).
Perfusion of Human Eye Anterior Segments
Organ cultures of human anterior segments were performed using the method described by Johnson and Tschumper. 17 Briefly, human cadaveric eyes (ages, 33-74 years) Ͻ48 hours after death were bisected at the equator, and the lens, iris, and vitreous were removed. The anterior segments were then clamped to a modified Petri dish and perfused by a microinfusion pump at a constant flow of 3 L per minute with serum-free, high-glucose DMEM supplemented with 110 mg/L sodium pyruvate, 100 U/mL penicillin, 0.1 mg/mL streptomycin, 170 g/mL gentamicin, and 250 g/mL amphotericin B. Perfused anterior segments were incubated at 37°C in 5% CO 2 . Intraocular pressures were continuously monitored with a pressure transducer connected to the dish's second cannula and recorded with an automated computerized system. Only anterior segments with a stable outflow facility between 0.09 and 0.40 L/min per mm Hg that remained unchanged after viral infection were used. 
Analysis of Ch3L1 Promoter Expression in Perfused Organ Cultures
Anterior segments of human eyes were cultured as described earlier.
After 48 hours of perfusion, the pumps were stopped, and the pressure dropped to Ͻ5 mm Hg. The segments were inoculated with 10 7 pfu of AdCh3L1-LacZ in 100 L of perfusion medium at 3 L/min. Once the total volume was inoculated, the normal perfusion regimen was resumed. ␤-Galactosidase activity was examined at 2 days after infection. Six eyes from different donors were analyzed for the expression of the Ch3L1 promoter.
RESULTS
Genes Differentially Expressed in TM and SC Cells
The gene expression profiles of four primary TM cultures and three primary SC cultures were analyzed in parallel by oligonucleotide gene microarray (Affymetrix). Data resulting from these arrays are available on request. The genes more significantly expressed in SC than in the TM are shown in Table 2 , and the genes more significantly expressed in the TM than in the SC are shown in Table 3 . To confirm the experimental results of the arrays, we performed quantitative real-time PCR on Ch3L1, MGP, and CDT6, as representative of TM genes, and on ␥-sarcoglycan (SGCG), collagen XV (COL15), and fibulin-2 (FBLN2), as representative of SC cells. The differential expression (x-fold) was calculated from the C t values (Fig. 1) .
Analysis of the Gene Expression Profile of Primary HTM and SC Cultures
The gene expression profiles of primary TM and SC cell cultures were compared with the previously published cDNA libraries from TM tissue and infant TM cell culture. 18 -20 In Table 4 , the genes with a signal expression higher than 20,000 in either the TM or SC are compared with the genes more highly represented in the libraries. To simplify the data, we excluded the generally highly expressed ribosomal proteins from the analysis. EF-1␣ was the only common gene found to be among the most highly expressed genes in the four studies. Table 5 shows genes reported to be highly expressed in human TM tissue, either in revived or nonrevived organs, whose expression was found to be significantly lost in the TM and SC cultured cells.
Expression of the Ch3L1 Promoter in Primary TM and SC Cultures
To test the specificity of Ch3L1, we constructed a replicationdeficient recombinant adenovirus in which the expression of the LacZ reporter gene was driven by the 5Ј promoter region of the Ch3L1 gene (AdCh3L1-LacZ). Human TM and SC cells were infected with the recombinant adenovirus AdCh3L1-LacZ, and ␤-galactosidase activity was investigated. Consistent with the arrays, no ␤-galactosidase staining was detected in SC cells ( Fig. 2A) . Despite the high multiplicity of infection (MOI ϭ 100 pfu/cell), only approximately 50% of cells in the TM culture stained positively for ␤-galactosidase (Fig. 2B) . All the TM cells, however, showed strong ␤-galactosidase activity when infected with AdMGP-LacZ, a reported positive marker for TM cells, using the same MOI of 100 pfu/cell (Fig. 2C) .
Expression of the Ch3L1 Promoter in the Outflow Pathway
Injection of anterior segments with AdCh3L1-LacZ shows ␤-galactosidase expression restricted to the TM region (Fig. 2D) . In the six pairs of eyes analyzed, Ch3L1 promoter activity was detectable in the most anterior and posterior regions of the TM next to the sclera spur and SL, but not in the middle area (Fig.  2E) . Most of the staining was found to be in the trabecular cells, although some ␤-galactosidase activity was observed in the juxtacanalicular cells of some of the eyes (Fig. 2F) .
DISCUSSION
Given the important role of the aqueous humor outflow pathway in modulating IOP, there has been increasing interest in the development of methods for gene transfer to the cells of this tissue for both therapeutic and experimental purposes. [21] [22] [23] [24] [25] [26] [27] [28] We have recently demonstrated the feasibility of specific gene delivery to the cells of the outflow pathway using an adenoviral vector containing a tissue specific promoter.
14 In the present study, we have focused on the identification of differential markers by comparing the gene expression profile The data from the comparative analysis show a surprisingly low number of potential specific markers for SC cells, perhaps partially because of the presence of cells from the inner wall of the SC in the TM primary cultures, which thus may have resulted in the expression of SC-specific genes in the TM cultures. The genes most differentially expressed in SC cells compared to TM cells were SGCG, COL15, and FBLN2. Given the lack of information about the function of SGCG, a glycoprotein mainly expressed in muscle cells, it is difficult to speculate about its possible role in SC function. 29 -31 In addition, this gene shows a relatively low signal value and high variability among the samples.
Potentially more relevant to the specific functions of SC may be the expression of COL15 and FBLN2. COL15 is present in the basement membrane of many mesenchymally derived cells, including endothelial cells. [32] [33] [34] The proteolytically processed C-terminal fragment of COL15 functions as an endostatin, an inhibitor of endothelial cell migration and angiogenesis. [35] [36] [37] [38] This fragment also appears to interact with FBLN2, 39 an extracellular matrix protein abundant in vessel walls and basement membranes, 40, 41 whose expression has been reported to be modulated by dexamethasone, 42 an agent known to cause temporary glaucoma. Although the specific role of FBLN2 and the biological consequences of its interaction with the endostatin domain of COL15 are still unknown, the expression of these two genes in SC cells may support the vascular origin theory of SC. 43, 44 The comparative analysis of the gene expression profile of TM and SC cells revealed Ch3L1 as a potential differential marker for TM cells, because it was one of the more abundant transcripts in TM cells and was practically absent in SC cultures. Ch3L1, also called human cartilage glycoprotein-39 (HCgp39 or YKL-40), is a mammalian glycoprotein member of family 18 glycosyl hydrolases. 45, 46 High production of Ch3L1 is detected in the cartilage of rheumatoid arthritis patients, 46 -50 in various inflammatory disorders, [51] [52] [53] in the liver of patients with alcoholic cirrhosis, 54, 55 in several types of cancer, 56 -60 and in macrophages in atherosclerotic plaques. [61] [62] [63] Although the biological function of this protein is still unknown, it is thought to be involved in tissue remodeling and inflammation, acting as a growth factor for connective tissue cells and as a potent migration factor for endothelial cells. 64 -66 Therefore, Ch3L1 could play a role in both the normal physiology of the TM and the abnormalities that occur in glaucoma.
The gene expression profiles deduced from our gene array analysis of both TM and SC primary cultures show relatively low consistency with previous studies, which notably also exhibited important discrepancies among themselves. 18 -20 These inconsistencies may result from differences in both the While all the other studies were performed using the cDNA library technology, the study presented herein was performed by gene microarrays (Affymetrix). To date, there is still not enough information regarding how these two platforms compare with each other; however, discrepancies have been ob- Table 2 . † Transcripts highly represented in libraries from perfused TM, 18 postmortem TM, 19 and infant primary TM culture. Another factor is that none of these prior studies were based on the same model. Since our study used cultured TM and SC cells, the study of Gonzalez et al. 18 was based on one perfused human eye; Tomarev et al. 19 analyzed the expression profile of a pool of native donor eyes; and Wirzt et al. 20 used primary cultures of TM from infant donors. Differences in gene expression among cultured cells, organ culture, and donor tissue should be anticipated and have, in fact, been reported. 68 These differences may be due to several factors, including changes in the tissue microenvironment, differences between culture medium and aqueous humor, and the ages of the donors. Given this level of discrepancy, further analyses with both intact and individual tissues are necessary to obtain a more accurate gene expression profile for outflow pathway cells.
20
Based on our results from these arrays, we selected Ch3L1, the gene with the highest level of differential expression between TM and SC cells, as a potential promoter for specific gene expression delivery to the TM cells. At the time the experiments were performed, the promoter of Ch3L1 had not been characterized; however, a recently published work has confirmed that the 5Ј fragment that we amplified to make the construct contains the fully functional Ch3L1 promoter. 69 The lack of expression of the Ch3L1 promoter in SC cells from both primary cultured cells and organ culture was clearly consistent with the data from the arrays. However, a surprising result that contrasted with previously reported data on the expression of the MGP promoter in the outflow pathway 14 was the heterogeneity in the expression of the Ch3L1 promoter in TM cells. This may suggest the existence of at least two subpopulations of cells in human TM primary cultures. The pattern of ␤-galactosidase activity in histologic sections from eyes perfused with the AdCh3L1-LacZ showed that these two subtypes of cells do not correspond simply to trabecular or juxtacanalicular cells, because, in the six pairs of eyes analyzed, the ␤-galactosidase staining was detectable in the most anterior and posterior regions of the TM next to the sclera spur and SL, but not in the middle area, regardless of cell type.
As mentioned earlier, Ch3L1 protein is commonly produced in pathologic conditions involving inflammation and tissue remodeling. The distribution of positive-stained cells in the outflow pathway could reflect the areas that are subject to strong mechanical stress and, therefore, are involved in induced changes in extracellular matrix composition. 70 We hypothesize that changes in the expression of Ch3L1 protein could be involved in the mechanism of abnormal resistance found in many forms of open-angle glaucoma. Ch3L1 has been reported to be upregulated after treatment of human TM cells with dexamethasone, 71 and also in the retina in a monkey glaucoma model. 72 The observation that Ch3L1 was not detected among the clones analyzed in the cDNA library of cultured TM cells from infant donors 20 is consistent with the suggested correlation between Ch3L1 expression and aging, 73 and we hypothesize that many glaucomas involve accelerated cellular processes of aging.
In conclusion, the comparative analyses of gene expression profiles of SC and the TM cells provide new insight on the differences between these two cell types that could lead to a new understanding of their respective physiologic roles. Our study identified several genes with promoters potentially useful for targeting gene expression in specific cell types within the outflow pathway. In addition, the expression analysis of a promoter fragment from one such gene, Ch3L1, indicates that the TM may have different cell subtypes distinguishable at the molecular level. This would suggest that the cellular composition of this tissue may be even more complex than initially thought. 
